Radioactivity from D-glucosamine-'4C is incorporated into particulate fractions of hypocotyls of Phaseolus aureus (mung bean) seedlings. Polyacrylamide gel electrophoresis of the sodium dodecyl sulfate-solubilized materials revealed that several polypeptide components varying considerably in molecular weight had become radioactive during the incubation. A considerable amount of "C was also recovered in lipid. Equilibriulm centrifugation of the particulate material, isolated by initial centrifugation at 100,000 times gravity on sucrose density gradients revealed that radioactivity was recoverable in all of the membrane fractions along the gradient. It is suggested that glycoproteins and glycolipids containing amino sugar are normal constituents of such membranes. The ability of the particulate preparations to catalyze the transfer of N-acetyl-D-glucosamine from uridine diphospho-N-acetyl-D-glucosamine to endogenous acceptor material was also tested. Transfer was optimal at around pH 9 and in the presence of 10 mM Mg2+, and it occurred largely into an unidentified lipid fraction. After equilibrium centrifugation of crude membrane material on sucrose gradients, a number of distinct fractions could be detected which would catalyze the transfer reaction. Uridine diphospho-Dglucose transferase activity showed a similar but not identical distribution along the gradient.
Although glycoproteins are present in plant cells, the presence of these important compounds in plant membranes has not been demonstrated (5) . It has been shown that, in plants as well as in animal cells, D-glucosamine can be employed as a specific precursor of amino sugar components of glycoproteins (16, 17) . We have made use of this information to demonstrate that radioactive glucosamine can be incorporated into membrane fractions of mung bean hypocotyls. We have also shown that these same membranes will catalyze the transfer of N-acetyl-D-glucosamine from UDP-N-acetyl-D-glucosamine into endogenous acceptor materials. ' The research was supported by National Science Foundation Grant GB 23533. 2Recipient of Career Development Award (lK04AM70389) from the United States Public Health Service.
Plant Tissues. Mung beans (Phaseolus aureus) seeds were soaked in circulating tap water for 6 hr and allowed to germinate on damp towels for 42 hr at 25 C. The sprouting hypocotyls (about 2 cm long) were excised, rinsed thoroughly with water, and used within 30 min. Usually about 10 g of tissue were shaken (125 rpm; 25 C) in administration of D-glucosamine-1 -4C to corn roots, and purified by ion exchange and paper chromatography (16) . These tissues convert up to 30% of the D-glucosamine they accumulate into the nucleotide, which can then be purified by successive paper and ion exchange chromatography. UDP-D-[U-"C]-glucose (277 Ci/mole) was prepared from D-[U-'4C]-glucose (14) . Each compound was more than 98% pure at the time of these experiments as assessed by paper chromatography followed by radiochromatogram scanning.
Fractionation of Tissues. After incubation, radioactive tissues were ground up in 0.05 M phosphate buffer pH 7 using an all-glass, motor-driven homogenizer. The suspension was first centrifuged at 1500g (5 min, 4 C) to remove whole cells, cell walls and other larger fragments. The residue was washed several times with buffer, dehydrated using ethanol and then ether, and finally air-dried. The supernatant fraction was centrifuged at 8,000g (15 min, 4 C) using a Sorvall RC2-B centrifuge with an angle head rotor. The 100,000g fraction was then prepared by centrifugation (2 hr, 4 C) of the 8,000g
supernatant fraction using a Spinco SW 27 swinging bucket rotor in a Beckman L2-65B centrifuge. Both pellets were resuspended in homogenizing buffer and recentrifuged. Repeated washing of the pellets with water or 80% ethanol removed considerable amounts of radioactivity, mainly in the form of glucosamine and N-acetylglucosamine. We assume that the pellets contained vesicles and whole organelles within which these low molecular weight metabolites had become trapped. To estimate their incorporated`4C, the pellets were dissolved in 2% (w/v) SDS3 in 0.01 M phosphate buffer pH 7 containing 0.1 M mercaptoethanol. Sufficient SDS was always present in order to exceed the 1.4:1 (SDS to protein) ratio required to ensure the formation of detergent-protein monomers rather than micelles (14, 15) . The solution was heated for 3 min at 100 C and then dialyzed for at least 24 hr against buffer containing 0.1% (w/v) SDS counted by liquid scintillation counting using a standard toluene-Triton X-100 fluid (20) . In order to determine the incorporation of radioactivity into lipid, the trichloroacetic acid-washed precipitate was extracted 3 times with 1-ml aliquots of hot chloroform-methanol (I :1, v/v) solution. These extracts were pooled, dried in a scintillation vial, and finally counted after addition of 10 ml of scintillation fluid. (b) The transfer of glucose from UPD-D-glucose was estimated in a similar manner to that described above for UDP-N-acetyl D-glucosamine.
(c) Phosphatase activity was assayed at pH 6.95 in 0.05 M sodium barbital buffer containing 0.01 M disodium p-nitrophenyl phosphate. The p-nitrophenol released was estimated colorimetrically in 0.2 M NaOH at 410 nm.
Paper Chromatography. The following solvents have been employed for analysis of low molecular weight products of Dglucosamine-14C metabolism: A, 1 M ammonium acetate (pH 3.8), ethanol (2:5, v/v); B, isobutyric acid, 1 M ammonium hydroxide, 0.1 M EDTA (50:30:1, v/v). Nucleotides were detected by observing the papers under UV light, and amino sugars by spraying with alkaline silver nitrate reagent. Analysis of D-glucosamine in hydrolyzed glycoproteins has been described in detail elsewhere (17) .
Radiochemical Techniques. Samples were counted at ambient temperature using a Beckman LS-300 liquid scintillation counter. Efficiency for "4C was around 95% using the wideopen window. Quenching was negligible. Insoluble particulate materials were counted as a suspension in the thixotropic gel Cab-o-Sil (Packard Instrument Co., Downer's Grove, Ill.). Paper chromatogram strips were scanned for "4C using a Packard model 7201 radiochromatograph scanner.
Polyacrylamide Gel Electrophoresis. Membrane samples dissolved in SDS were dialyzed against 0.01 M phosphate buffer pH 7 containing 0.1 % (w/v) SDS and 0.1 % (w/v) mercaptoethanol for 24 hr. Gels (7.5% polyacrylamide) were prepared and run according to the procedure of Laemmli (15) , using BSA, trypsin, cytochrome c, and the light and heavy chains of human immunoglobulin g as molecular weight markers. Electrophoresis was continued until the bromphenol blue dye marker had reached the bottom of the gels.
RESULTS
Uptake of D-Glucosamine-24C. The uptake of D-glucosamine was approximately linear with time over a 4 hr period indicating that the tissues remained viable. In a typical experiment in which 10.5 g of hypocotyls were provided with 20 [,Ci of Dglucosamine 1-'4C in 20 ml of water, a total of 8.86 ,1Ci"C was taken up by the tissues during the incubation.
Distribution of "4C in Different Cell Fractions. At the end of 4 hr the hypocotyls were washed and ground. Radioactivity was found in all of the fractions analyzed, including the pellets isolated by centrifugation at 8,000 and 100,000g which were presumed to be largely membranous in nature (Table I ). The material precipitated by ammonium sulfate from the 100,000g supernatant fraction also contained substantial amounts of radioactivity. This fraction is considered to contain most of the proteins and glycoproteins from the so-called soluble phase of the cytoplasm. Hydrolysis of these fractions with 4 N HCl followed by paper chromatography has revealed that the incorporated radioactivity is almost entirely in the form of glucosamine (see 18 for details or experimental procedures). In mung beans, as in other plant tissues, D-glucosamine acts as a specific precursor of the amino sugar groups of complex macromolecules.
Nature of Metabolites of Low Molecular Weight. In other plant tissues that we have investigated the major products of glucosamine metabolism are N-acetylglucosamine and a number of higher molecular weight products which were presumed formed as a result of glycosyl transfer from the nucleotide di-P derivative (16, 18) . including UDP-N-acetylglucosamine. Although in this experiment we have not made a detailed analysis of each metabolite, except by confirmatory chromatography in a number of other solvent systems, the distribution of radioactivity is sufficiently like that observed in corn roots (16, 18) gel electrophoresis. After each electrophoretic run, gels were either sliced to determine their "4C content (Fig. 2) or stained with Coomassie blue (Fig. 3) . The distribution of radioactivity along the gels was clearly complex, suggesting that in each membrane preparation several glycoprotein species were present. Apparent molecular weights ranged from greater than 100,000 to around 10,000. The prominent peak of radioactivity running near to the Bromphenol blue dye marker in Figure  2 , A and B, is probably glycolipid material. Such compounds characteristically migrate into this region owing to their relatively low molecular weight and high affinity for SDS. Further, if the membrane fractions are treated with hot chloroformmethanol solution prior to solubilization in SDS, much (usually about 30%) of the radioactivity is extracted, and the prominent peak is no longer evident following electrophoresis.
Such material is also absent when the SDS-solubilized ammonium sulfate precipitate from the mung beans is subjected to polyacrylamide gel electrophoresis (Fig. 2C) . Several bands of radioactivity were located along the gels indicating considerable diversity in the nature of the products that had incorporated "4C from glucosamine.
The staining patterns with Coomassie blue were also complex. However, the solubilization by SDS appeared complete as most components had penetrated the gels. As expected, there was some degree of correspondence between the two membrane preparations as they appeared to have certain components in common. We have not been successful in staining those regions that contained carbohydrate by the periodic acidSchiff technique. Only a region at the very top of the gel which probably contained polysaccharide material stained red.
Pronase Digestion of Membranes. A portion of the material isolated by centrifugation at 1 00,000g was extracted with chloroform-methanol to remove lipid and the remaining residue digested with 0.1% (w/v) pronase for 3 days at 37 C. The final solution was centrifuged to remove any particulate matter, diluted 10-fold with H20 and passed through a column of DEAE-cellulose. After washing with 0.01 M tris-HCl (pH 8) to wash off unbound materials, glycopeptides were eluted with a linear gradient of NaCl (Fig. 4) . A relatively complex elution pattern was obtained. Clearly a variety of labeled glycopeptides with different charge characteristics can be isolated from the membrane glycoproteins after proteolysis. Amino Sugar Content of Membrane Fractions. Each membrane fraction contained small but measurable amounts of Elson-Morgan-positive material which was presumably amino sugar (Table I ). The two fractions richest in amino sugar also incorporated the largest proportion of the radioactivity from the glucosamine supplied in feeding experiments.
Equilibrium Centrifugation. Hypocotyls prelabeled with Dglucosamine in a manner identical to Table I were ground up. The supernatant fraction after centrifugation at 1,500g was then centrifuged at 100,000g for 1 hr to pellet most of the membrane material. The pellet was resuspended in a small volume of homogenizing buffer using a tight-fitting, all glass homogenizer, and layered above linear sucrose gradients (40 ml; 35-65% w/v). The tubes were centrifuged overnight (16 hr; 26,000 rpm, 4 C). One ml fractions were collected from the top to the bottom of the gradient and small aliquots of each assayed for their '4C and protein content (Fig. 5) . Although some quantitative variation was always observed between experiments (compare Fig. 5 with Fig. 8 for example) , three major regions of protein could always be discerned along the gradient. Each of these contained significant amounts of radioactivity although the denser material (III) nearer the bottom of the gradient had the highest amount of "4C per unit protein.
Materials in regions I, II, and III were solubilized in SDS and subjected to polyacrylamide gel electrophoresis. The distribution of radioactivity along the gels was fairly similar to that seen in Figure 2B . However, with increasing density of the membrane fractions there was correspondingly less radioactive lipid material present.
Transferase Activity. The pellet isolated by centrifugation at 100,OOOg was tested for its ability to catalyze the transfer of N-acetyl-D-glucosamine from radioactive UDP-N-acetyl-Dglucosamine to endogenous acceptor material. A typical time course for such a transfer reaction is shown in Figure 6 . Clearly the rate is not linear, but gradually decreases with increasing time. This may be due to depletion of endogenous substrate, destruction of the UDP-N-acetylglucosamine by diesterases, or lability of the enzyme. Salts used were MgCl2, CaCI2, CoCl2, MnCl2, CUS04, ZnSO4.
seems unlikely, however, as the enzyme maintains its activity for at least 1 month if kept frozen, suggesting that it is reasonably stable. A boiled enzyme preparation is completely inactive under these conditions. It should be emphasized that transferase activity showed as much as a 2-fold variation from preparation to preparation. Using 10-min incubation periods there was a linear relationship between the amount of "4C transferred to trichloroacetic acid-insoluble product and the volume of membrane suspension added up to 100 p1 (5 mg). Beyond this value, the linear relationship was not maintained. All our subsequent experiments were performed within this linear range.
The pH optimum was between 8.5 and 9, with only low activity being observed below pH 7. Most of our assays have been performed at pH 8.5 in either tris-HCl or glycine-NaOH buffers.
Transferase activity was also tested in the presence of a number of divalent cations. Magnesium was the only metal tested that significantly increased the rate of catalysis (Table  II) . All others except Ca but including Mn, were inhibitory at the 5 mm level compared to the control incubated without divalent cations. The enzyme preparation in this experiment was prepared and resuspended in buffer without Mg. However, it is difficult to rule out the possibility that Mg was not present within the preparation. As is clearly evident from Figure 7,  incorporation is promoted by very low levels of Mg2+, although the optimum concentration appears to be around 10 mm. High concentrations are strongly inhibitory.
Membrane fractions prepared by equilibrium centrifugation in a manner identical to that employed in the experiment described in Figure 5 were also tested for glycosyl transferase activity. In the experiment shown in Figure 8 , we compared the activities of UDP-D-glucose and UDP-N-acetyl-D-glucosamine transferase along the gradient. Both activities were located predominantly in regions II and III, and not in the upper-most protein band. p-Nitrophenyl phosphatase activity closely followed the distribution of protein along the gradient. It would appear that the ability to transfer N-acetylglucosamine to endogenous acceptor is not a property of all of the membrane systems present. The radioactive materials formed may be precursors of the glycoproteins normally present in the soluble phase of the cell, attached temporarily to membrane or trapped in small vesicles within the preparation. Such a possibility is difficult to rule out. "Pulse-chase" experiments with D-glucosamine, which might indicate a precursor product relationship between the membrane preparations and the material precipitated by ammonium sulfate, are difficult to interpret because the pool of UDP-N-acetylglucosamine is expandable in the presence of increasing concentration of D-glucosamine (18) . Glucosamine itself is also toxic to plants at concentrations higher than 0.1 mM (18) so that high concentrations of unlabeled D-glucosamine in the "chase" cannot be employed. However, the fact that even after applying glucosamine for as long as 4 hr, the membrane pellets contain more radioactivity than the whole of the ammonium sulfate precipitate suggests that their incorporated radioactivity does not entirely represent partially assembled, cytoplasmic glycoproteins.
DISCUSSION
We have not been able to characterize the radioactive lipids that are formed in these experiments, either after feeding Dglucosamine or after enzymatic transfer from UDP-N-acetyl-D-glucosamine. Glycolipids of various kinds occur widely in plant membranes, and those of the polyisoprenoid type have been proposed as possible intermediates in glycosyl transfer reactions in plants (1, 6, 8) , animals (2, 3, 13) as well as in bacterial cells (11) . Such a relationship has not been demonstrated in our experiments because of the difficulties associated with adequate pulse-chase procedures. In the case of glycosyl transfer from UDP-D-glucose at least some of the lipophilic materials formed have been shown to be steryl glucosides (7, 10, 12) .
We have not yet characterized the different membrane preparations with regard to their cellular origin. It has also proved difficult to achieve uniform conditions for cell breakage and this probably accounts for the variation in protein distribution observed along the gradients. It does seem clear however, that incorporated glucosamine was associated with all of the fractions on the sucrose gradient, indicating that glycoproteins and glycolipids containing glucosamine may be typical components of all the membranes. By contrast, the ability to transfer N-acetyl-D-glucosamine from UDP-N-acetyl-D-glucosamine had a more restricted distribution along the N'ID POLLARD Plant Physiol. Vol. 55, 1975 gradient and was not evident in the lightest membrane fractions. The amino sugar is probably incorporated only at particular stages of membrane differentiation.
